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Onthe’basisofa rec&&” ctevelojed+lmoryforswip”tbacitin~s
at supersonicvelocities,equationsare&erivedi?orthewavedragof
sweptbacktqered.wingstit$thinqfmmtricaldouble-we~e sections
at zeroMft. Calculati.ousf ectionwave-dragMstributicmsand.
wingwave&ragarepyesentedforfamilieqoftapered.planforms.
Distributionsofsectionwavedragalongthesyanoftapered.
win~ are,in general,ve~ 6XIS5.L3Vin shapeto thoseofunta~ered
planforms.Fora Giventap~rratioGmd,aspectratio,anapprecia%h3
reductioninwinGwave-dragcoefficient.withincreasedsweepbackis
notedfortheentirerangeofMachmmiberoonsi&ered.Fora given
sweepandtaperratio,hi~e~ asyectratiosreduce &e wingwave-
tiagcoefi’icientat substantiallym.ibcriticalsupet’sc@cMachnmbers~
AtMachnwnbersapproachingthecriticalvalue,thatis,a valueequal
tothe secantofthesweepbackangle,thepbn formsoflowaspect
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differentaepect”ratio)i&i.cate-thattqmx?ingtiewingreducesthe
%fi&wave-dragcodficientat-llschnumbersconsiderablyessthan
thecritical valuebutincreasesthedra~coefficienta Machnumbers
nearthecriticalvalues-Comparisonsonthe~asisof constantaspect
ratio,hovmer,indicatean increaseofthe”wingwave-dragcoefficient
vithtayeratMachnumbersconsidemblylessthantheoriticalvalue .
anda &ecreaseof’thedraflcoefficientYcLthtaperatMa@ mmbors “
nearthecriticazvalue. . .
/
Calculationsfarwin.mof equalrootbendintistress(andh&me -i._-._—
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. Recentdevelopmentsi.nairfoiltheoryforsupemoni.cspeeds
(mf~ences1 and$2)’in~catepronounce~favorableffectsofsweep-
backonthewavedrag.Inreference1,a-methodM developedfor
calculatingpressmedragat supersonicspeedsforswa~tbaekairfoils
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havingthinsectionsat zerolift.Reference3 applieethismethod
to calculatethesupersonicwavedragfora eerlesofuntaperedwin~
withsymletwical%iconvexairfoilsections.
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Thepresentpaperapyliesthemethodof”re~enco1 toderive
the.generall.zedequatio~fortheeecti.onwave&ag andtir@%eve
&ragofmeptbacktapered}~n~ withthinsymmetricaldouble-wedge
Hectionsat zerolift.Sectionwave-dragdistributionsandwing
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wave-dragcalculationsareTresentedforspecificfaminesof--tapered
planfcmas.Theairfoilsectionsandwingtipsarechosenparallel
tothedirectionoffli~t. Theangleofsweptackisrefmrodto
thatof’tholineofmaximumthickness,andtherangeofMachnwiber
consideredisbetween1 and“thecritical.valuecorrespondingtotho
conditionwheretheMachl.ine~areparallelto themax%mm-thiclmess
line;t;ha,t--is,toa Machnumb~r,eq~lto me secantofwe swe@@ ...=_.,..=.+
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an@e of sweepoftine’lineofmaximumWnickness,degrees
sloyeof line
slopeof wing
Elloyeof wing
spanofwing
of maxirmmthickness(cotA)
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section‘wave-dragcoeffict.enta spanwl.setationy
exclusiveoftipeffect
incrementU3.section%t~ve-dragcoefficienta spanwise
stationy. dueto,tiy.
sectionwave-wagCoefficienta spanwiseStati.w;y
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Theanalysis.i.e,bpsedonmpemimic thiwairfoil theory and on
thea&s@ptic5nsofE@LU dieturbandeaanda co~tantvelocityof
soundthroughoutthefh.zid.Theseassumptionsleadto theJJnearized
equationfcmt% velocItypotential q (re:erence4)
..
.-
-()1- M2CPa+qJ~+qzz=0
where M istheMachnumberQf tinefkm andthederivatIvesare
takenwithrespec;”tothevariablesx,y, and z ofthei!ertlY3i.an-
ooorilnate “system. I&shouldho nQtedthatthelinearizedtheory
isnotexpectedtobe applicablenearMachnumberunity.On the
basi~ofthisUngarizedthecuy,a solutionfora unifomnEIwept-
backllneof souroesin@g yressurefieldiederivedinreferenoe1.
Thepressurefieldassociatedwiththiseolutioncomesponds to..—.
thatovergn.ai~fol~ofwedgesection.Thepressure.coefficient
Ap/q at.aspanwieestation y Eindpoint.x Uong theWedgeIB
where.”,..fil’is “theslopeoftheleading$@e”oft.h.ew-!.w~dzjdx fa
theta@entof theha~f-wed$eangle(appmx.equaltohaJ.f-we@.
angle-pincetheangleh small);
~ =“=~ - theOrwn @
thelinesource.ietakenat (0,0).
Thedistributlonofpre~suzzeoversti%ptbackwingsof daslmd
planfor.uandprof31eieobtainedby superpoeAtionfwedge-type
oolut:.ons.In ordertosatis~theboundarycof~ditionsoverthe
surfaoe”ofa taperedwingofsymmetricaldoubl~wedgeection,Eemi-
InfiniteJ.inesourcesare‘pl.aoedat theleadingandtrailingedgeof
thewinganda semi-infinitelinesinkoftwicethestrengthisplaced
along.tfig.lineof.~.iq~ thicknesssothatallthreeUnee’intersect
atoneyotnt.At thetlpwherethewingiscutoffinthef13ght
direotion,a reversedl~t.rib~tionvf theselinesofsinksandsmroes
areplacedsoafftocagce~.@x&ctlyalleffectsof theoriginaldistribu-
tionfai%he-repanwisgthanthetip. Fi@re 1 ~hm’~the&L@tributions
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of sinksandsourcesfor3 tapered.@rig,,and~?.asbifieqthesystem
ofaxesandthesyzubo18associatedwiththederivationofthedrag -
eq.titlons. ,,.-
Thedisturbancescausedby theelementaryllnesourcesand
sinksareLUni%ed.to theregionsenclosedby the3,rMachcones.
Figure2 showstheMachlineconfigm?ationtorthetspered-wing
@an formandtndicatestheregionsofthewirJgaffectedb~ each
linesourcesadsink.Forpurposesof simpl:.f~cationthetapered
wingsconsideredweres+n?icteatothoee@.thno tipeffectsother
thantheeffectseachtipexsrtsonit6o~mhalfofthewing.For
a Wili~oftaperratio0,,notipeffects~eedbe consideredsince
theMachlinesori@natingattiletipdonotencloseanypartofthe
wing.
Thepressurecoefficlsntsobtaineiifrom superimposingsolutions
of thetiypeshownin equation(2)areconvertedintodragccmffi-
— ..
cientsbythefollovi~relations:
Forsectton&ag at a.spanwisestationy
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rTrailingedgeCac= 2 Ap &z——qdx
.,., dLeadingedge .“
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where
@ -4+ 2’%-2c=—,
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.
&., : . . .“ (3)
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$s:.~echapv~ lwwtha%.y,. andtheintegrationis~erforrqe-dalong
t~qchcmiyaralleltQtheflight~rection. “* .-
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Thewingwwe-ire~coefficienti8obtaineclby integratingthe
sectim”dragalongthe@pananddividingwe reeultb~ the*“g
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By superpositionofwe~e-t~e solutions(eq.uatd.cm(2) ,the
preeaurefieldisobtainedfora taperedwingwithloa&Ln6edge,
trailingedge,andlineofmaYJmnnthicknesssweptback.Thedrag
equationsarederivedforhalfof thewin~sincethedra~isdimtrf-
butedsymuetrica~overbothhalves.Theinducedsffectsofthe
oppositehalf-wingarerepresentedby theccmju~tetermainthe
integrandsofthe@a~ integrals.
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:Fora symmetricaldouble-wedgeprofile, .-
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~eotiontlqlckqessratio. The generalfzed equa-
tlp effects,for thewizIgtivedragiEIobtained .
where t/c isthe
tion,ex?jlueiveof
aB follows: (Seef’ig;~ foritiornationpil%nentto-integration
limits,). . ..=— :+
,.
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Y-sof)=
—=
8(t/c)2
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whereA, B, and.C refqrto thoprcmsure~resulting&cm the].eatMng
lineuources,linesinks~andtrailingLineamn’c.esj re%X+cfi~.~elYl .
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TheIimitin&”case
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andthewingof constantchord(taperatio1.0)isobtainedby” “
equatingm =
h%=?’
Theinte~a%ionsin equation(5)am yor-
forznedand e resultngformvlasforthesectionwavetiagandthe
wing wavedragfor the;ompleteran~e of conwntlonal tay= (O~ taper
ratto5 1.0)arepresentedinappendixA.
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It was sta’tdi prev$mmly that tie Iiqiwed wi&13mtiidared have
no tip~ewbs otherthanthoseeachtipexertson itsom halfof
thewing.Th3E!impliesthattheMachlinesfr~ onetiP~.o”n~b
,
enclose any partoftheoppositehaU?-wing.ThisconditionIs
eqressedmathm.w.tlcallyasfollows: ,.—
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where k isthetaper’ratio
. (
Tipchard
), It cenbe seenfromRootchcrd
equations(6)that thi~ “e~mplificatioid ssnotmaterta”U.ylimitthe
rangeofMachmm~er thatmaybe considered,Forsmalltayerratios
thislimitingeffectisnegligibleandfortaperratioO there5.sno
lfiti.tationwhatsoeverqinceequations(6)reduceto expressionsthat
arealwaysvaliL.
Tilewave-dragcontributionfthetip5-s(Geefig.3)
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whereD and .E refer to
‘line d.nk andlinesource,’
thepiesmres
respec~ively.
resultingfromtheleading
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TheMachconeFromthetrailin~linestnkat the~ip’doesnotenclose
W Partofthewing and,hence,hasno effectonthewavedrag.
Equatl.an(7)is solvedfm sectionwavedragandwingwve drag
forthecompleterangeoftaperandtheresult~areprasentedin
appendixB, Thetotalwave-dragcoel?ficibntsarethenobtainedby
thefollowingrelatlona:
.-.
..
. . .. . .... . .. . -,
c~..=‘i”+cdtlz
1
------- :.
—. J ~.-~’=cDm+~;;p ‘ “...- .- (8)
It isfoundthat ~ isidenti~llyequalto zeroforall
tip
,-
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casessatisfyingtheaspect%atiolimitatlcmsexpressedinequa-
‘ticms(6)and,hence,CD= ~m forthe-taperedwingsconsidered.
. .
“-“-Theconditi”tiimposedin ~q~ti<ns(6),althcsughnotmterial~--
limitingme .q&n@”of?$achnymiwrfor’taperedwinGs,do limittoa
certainextentherangeofMachnunibti”forLow-aspect-z’atlowings
ofconstantchord,Equation(6a)forthiscasereducesto
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Aspectratio~“~
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Foruntaperedwingsof aspectratio2,.1,ana0.5,the,lowmt
nrmibersthatcanbe consimredwitlnoutta~~ngintoaccount
additionaltipeffectsare1.JX3,1.41k,and2.236,respectively.
It isdesirable,therefore,%o,takeintoconsidbratlonforunta~ered..
planformstheinducedeffectsoftheoppositetipwhentheMach
linesfroaonetipenclosepartsoftheoppositehalf’-w5.ng.Figurek
showstheMachlineconfigurationsfortkeseinducedeffects,andthe
dragequations~e derivedinaypendixC. Thewtngtivs-dragcoef-
ficientis thenobtainedfromequktton(6)where ~ forthesetip
casesinclutiestheeffectstiucedby theoppositetip. ..
,.
RESWffSANiDISCUSSION{
Calculationsweremadeforfatiliesoftapered.planforms,each
familycharacterizedby a constantsweepbackofthemaximum-thiclmess
line.Theplanformswereobtaineaby consideringthemomentofthe
areaabouttherootchorddivtde~by thecubeoftherootchordto
be constantforany@ven family.Theaspectratiovarieswith
taperratiobecauseofthisarea-momentparameter.
Fora constanthicknessratiotheparameter,areamcment
dividedby theproductoftherootchordandthesquareoftheroot
thiclmess,isalsoconstant,ThM conditionisi.ntenriedto imply
thattoa firstapproximation-the”rootbendingstressisthesame
forallmembersofanyfamilyhavingthesamethic~essratio.A
representativefamilyoftaperedplanfarmsandaspect-ratiovaria-
tionwtthtaperratiois showninfigure5.
Sectionwavebag.- Sectionwave-drag
ofta=atio O,C.5,and1.0arepresented
Machnumberof 1.414andsimepbackof60°.
sectimwavedragoftaperedwiigsa.rejin
thoseofuntaperedplanforms.As a yoint
“.
distmibuticmsforwings !
infigwres6 to 10f6ra
Thedistributionsof
general,verysimilarto
of in’te~est,theinduced
effectsoftheoppositehalf-wingandthetip-effect~stribution
areshowni,nfi~e 10as separatecurves.Thetotal.sectfonwave-
dragdistributionisthenobtained by addingthetipdragcurveto
thesolid-linecurve.Thetipeffectisplacedcorrectlyas shovn
fora wingofaspectratio1.0;fora wingofaspectratio2,this
tipdragdistributionshoulilbeshifted1 semichorato theri~t.
It is seenbyreferenceto fi~e 3 thatfigures6, 8,and10
(fig,10,A= 1)aresectionwave-dragastributi~nsforone-family
ofwingsandthatfi~es 7, 9,and10 (fig.10,A = 2)arefor
anotherfamilyofwingswhoseas~ectratios-aretwiceas large,
respectively, .—
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It ig
numberthe
interestingto note at thisyointthatfor a gfvenM@clI
sectionwave-dragcoefficientat the roof 18 a function
ofthes%mepofthemaximum-thicknesslineonly;thetermsinvolving
leadlng-ekesweepadd.dngup,tozero, (Seeseokiondzza~equation
inappendixAfory = 0.)
—.,
‘-F”’” - Typicalvariationsof”wingwve-drag.coefl?i.-cientwit Muchnw%er f~.ti.ngsoftaperratioO andtaperratio1.0
ofthe#aimfamily-areshowninI’igurbslIJ12,and13for~“, 60°,
and70°sweephackjrespectively,At sonMMachnumberbetween1.0
andthecriticalvalue(~itiul = secA), thedragcurveforthe
taperedwinghasa d.iscontinucn.mslope,ThIadiscontinuityoccurs
at thatMachnumbercor~esyondingto me conditionwheretherear
MachliDeorosses-thetra~”ingw!@ of MO wing,thatis,w&.ero
..
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In thisregionandnearthecriticalMachnumber
(~=:).”ie ,,,
theoryh note~octedtobe applicableb causetheassumption’of,
smalldi,eturbancesi~violated,buttheresultsarepre~en~edj.n
ordertclgivea morecomjletepicture.ofthelinearized.thecry.
.-*
,.
Itis seeil”fronfiguresH.to 13thattaper reducesthewing
wave-dragcoefficienta Machnuuifierssubstantiallybelowthe .
criticalvaluebutincreasesthedragcoefficienta iMachntibero
approachingthecriticalvalue.Thistrendis similartothe-one
shownby theeffeotofhi~ a“og,ectra ~oonthewavg-dragcoeffl-
clwrtofwtin.gsj?ora-@.vtintaperratio,itmustberemembered
thatforthe.familiesoftaperedvzhI@cons~deredinthesecalculat-
ions,however,thewin~ withgreatertaperhavehi@er aspect
ratiosand,hence,’theoffsetsofaspect,ratioas wellas tayer
A areincll.tiednthistrend.
,.
.,
.-
--
Var:lationsofwi~gwave-dragcoofficl.entwi’;h taperratiofor
different”swaopbacka@l_esat‘~Machmmber 02 1.2areshownin
fig!me.1.~leTh untaperedwin3forthi5familyhasm a~pectratio
of1.0andthevariationofaspectratiowithtaperratioare
prgsemte<Lintabularforminthefigure.I?gra givenmeep an@e,
thewin~oftaper”ratioO hasthelowestdragcoeffi~imtamlthe
.
Un.taper;t.wins
criticalvalue
theMachn~or epproaches”the
trendwouldreverseitselfandthe
thehi@est. As
( )
13=~, this
.-
i’ik.wmtiu, Wi3
.
untapemedwingwo~k
seenby’ref~encbt~
. figure.lkthatfor&
..-
. . . .
,,
.iiqvi.-k~e ~o%reek’dra ckfic~entas-canb$
figlmsIl.to 13.’f“t isalsoevldiwk@m -
~$btitmw& re%ioandamect re%io,an . .
apjreciahler iuctlW–@tifig-wave-dragooeftitcientisGccolqpliahed
withincreased.sweepbkick. ,.,
Figure15yresent~variat~onsof’wingwavb-dra~coeFf’icj.ent-
withtaperratiofdrthreefamiliesdf%dngsbasedonuntaperbd.p,l.an
formsofaspectratioOJ~,1,and2,resjsctit~l.y,Thertmiltsare .
presented.fti60°~weepbackanda M&.chtiumberof 1.4141~ertinont
detailsof thewingsarepre~entedintabular.forminthefi@r~ to
facilitateinterpretationoftheplotte’dc~es. Theaforementioned.
trend.ofreductioninwing~ve-tia~coefficientassociatedwi”th
‘highasyeotratiosatMachnumbersubstantiallybel.owthecritica~
~Machnu!aber~,ora giventaperrstioISclearlyseenin thisfi~e~.
By choosingpointsalong-thesecurvesbo&F6e@@.nq%6 tir~~of‘the.s “
sameaspectratio,it is”seenthatfor.aconstantaspectratio‘- ‘ :‘“’,’
taperingtheWag inc~eaeesthewinswave-dregcoefficient.By a
similarprocedureit canbe shownthatforwin~aofconstantaspect ‘
rati~taper retwoes the @.ng%~ve-dragco6ffici.orrbatMachnumbers “ ‘
nearthecriticalvalue.Theincrease@aspect ratiov5.thtaper “.
ratiodefinedby the area-nmnent’pa rme@r thus hastheef<ectof
offsettingtileadverseffeotsoftep”erat theJ.owrWch mmhcre,
CONCLXiIOES
1.Distributionsof sectionwavedragalcngthespanoftapered
wingsare,ingeneral,verysimilarin shapeto thoseof untapered
@an forms.
2.Thesectionwave-dxagcoefficienta therootisa function
oftheMachnumberandthesweepofthemaxlnmm-thicknesslineand
N independentoftaper.” ., .,
‘.
3. Theincrementh wingwave-dragcoefficientcausgdbythe
tipis identicallyeq~l to”zeroforalJ.taperedandU@aperedtin@’ ‘
forwhich-theMachlinesfrcunonetipdonotencloeenypartof
theoppcmitehalf-wi~.
.-
4,For l.fin~jof equalrootbendi~~stilww~,tap%rreducesthe
* f wingwave-dragcoefficienta Machnm?ibersconsiderablyessthen
thecri.tioalvalue- thatis,a valueequalto We secantof the
smepbackangie- butincreasesthehag coefficiente Machnumbers ‘
. near thecriticalvalue.
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reductioninWIQEwave-dragcoefficientwithjncrea~edmeepbaclf1s
noted~orthe.entirerangeofMachyqbeu com:derecll.
7. Fora“give~sweepaiti-taper:ret%o,hi&er asyectratios
reduce”,t’hewingwave-dragcoelTfioj.e@,qt.i3ubf3tqntiallysubcrltica”l
Maoh n.xnbotis.~AtMachnumbersapprca@i.n&thecr~tical.value,the
p@q f!?~.oflowaspectratiohaveIower.dragcoeff:cientso
,-
The.generalizec$quationeprmantod~n tile ap~andixmllm”ybe
used.to tilctiate-the”sub.criticalmpersonicwa%mitrag.at %er~.lift
ftianjiconventionallytaperedorunta~eredwingwithsymmatr3.cal
double-m”dge.airfoilsectionsandwithloqdin~ud~e,’~.lin~ed,se,
andline’-@ guax@mthicknesemep.t~aok:, .. ;.
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Figure7.- Sectionwave-dragdistributionf rwkg oftaperatioO. Machnumber,1.414; ~
aspectratio,6.92;aweepback@e, W“. P
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Figure8.- Sectionwave-dragdistributionfor wingof taperratio0.5.
Machnumber,1.414;aspect ratio, 1.63; sweepbackangle,60°.
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Figure9.- Sectionwave-dragdistributionfor taperratio0.5. Machnumber,1.414;
aspectratio,3.26; angle,60°.
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Figure10.-Sectionwave-dragdist~ibutionforwingofconetantchord(taperatio1.0).
Mach numhsr,1.414;sweepbckamgle,60°.
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Figure11.-Variationfwingwave-dragcoefficientwi hMachnumber.Sweepbackangle,50°. ~
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Figure12.-Variationfwingwave-dragcoefficientwi hMach number. Sweepbackangle,60°.
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Figure13.-Variaiionfwingwave-dragcoefficientwi hMachnumber.Sweepbackangle,70°.
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Figure14.-Variationfwingwavedrag coefficientwi htaperatiofordifferentsweepbackangles. ~
Machnumber,1.2. +
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Figure15.-Variationfwingwave-dragcoefficientwi htaperratioforthreefwniliesofwing
planforms.Machnumber,1.414;sweepbsckangle,63°.
